In this paper, we report the performance of a quasi-optical NbN superconducting HEB (hot electron bolometer) mixer measured at 500 GHz. The quasi-optical NbN superconducting HEB mixer is cryogenically cooled by a 4-K close-cycled refrigerator. Its receiver noise temperature and conversion gain are thoroughly investigated for different LO pumping levels and dc biases. The lowest receiver noise temperature is found to be approximately 1200 K, and reduced to about 445 K after correcting the loss of the measurement system. The stability of the mixer's IF output power is also demonstrated.
Introduction
Superconducting HEB mixers have demonstrated good performance at terahertz frequencies. The DSB noise temperature of phonon-cooled superconducting HEB mixers is approaching eight times the quantum limit (8hv /k) and the required LO power is as low as one microwatt. Some ongoing projects (including ground-based TREND [1] , airborne SOFIA [2] , and spaceborne Herschel [3] ) will benefit from the technology of superconducting HEB mixers.
To suit long-period operations such as astronomical and atmospheric observations, it is of particular interest to investigate the behaviors of superconducting HEB mixers cooled by a close-cycled 4-K refrigerator. It has been indeed demonstrated that phonon-cooled NbN superconducting HEB mixers can survive such a cooling circumstance [4] . In this paper, a quasi-optical NbN superconducting HEB mixer is measured at 500 GHz with a close-cycled 4-K refrigerator and its performance is thoroughly investigated for different LO pumping levels and dc biases. In addition, the stability of IF output power of the quasi-optical NbN superconducting HEB mixer is examined.
Experimental Setup
As shown in Fig. 1 , the quasi-optical NbN superconducting HEB mixer we measured is made up of a log spiral antenna and an ultra-thin NbN film bridge across the antenna's feed point. The log spiral antenna couples the RF and LO signals to the thin NbN film bridge, where mixing happens via some heat exchanges (electron and phonon). The thin NbN film, measuring about 3.5-nm thick, was deposited by dc magnetron sputtering on a heated high resistivity silicon substrate, while its bridge area, measuring 0.2-µm long and 2.4-µm wide, was fabricated through e-beam lithograph. The thin NbN film bridge had a normal resistance of 100 Ω and a critical current of 190 µA at 4.2 K. And its critical temperature and transition width were 9.6 K and 0.9 K, respectively.
The quasi-optical NbN superconducting HEB mixer was firstly glued onto a hyper-hemispherical silicon lens (of a diameter 12.7 mm, with no anti-reflection layer). The silicon lens with the superconducting HEB mixer was then put into a copper mixer block, which includes a 50-Ω microstrip line with its one port connected to the HEB mixer chip (via Indium) and the other to the IF output port. The whole mixer was mounted onto the 4-K cold plate of the close-cycled cryostat.
We used the conventional Y-factor method to measure the noise performance of the quasi-optical NbN superconducting HEB mixer. The measurement setup is shown in Fig. 2 . A beam splitter made of a 15-µm thick Mylar film couples the RF signal from a chopper (indeed a 295-K and 77-K blackbody) and the LO signal from a 500-GHz LO source (Gunn plus x6 multiplier). The RF and LO signals are incident onto the hyperhemispherical silicon lens through a vacuum window (100-µm Mylar film on the 300-K shield of the close-cycled cryostat) and an IR filter (two layers of Zitex G108 on the 40-K shield). The hyper-hemispherical lens focuses the RF and LO signals to the HEB mixer chip. The IF output signal goes through a bias-tee, a 1.2-1.8 GHz cooled HEMT low noise amplifier (including an isolator on the 4-K cold plate), a room-temperature amplifier (45-dB gain), a bandpass filter (1.55±0.085 GHz), and is finally detected by a square-law detector of a sensitivity of 1 mV/µW. 
Measurement Results and Discussion
We measured the receiver noise temperature (DSB, T rec ) of the quasi-optical NbN superconducting HEB mixer for different LO pumping levels and dc biases. The measurement results (with no corrections) are plotted in Fig. 3a . Obviously, the lowest receiver noise temperature in the stable region appears 1200 K at 500 GHz (biased at 0.7 mV and 25µA) and the area giving similar noise performance is quite large. The LO power absorbed by the HEB device was estimated to be 366 nW by an isothermal technique [5] .
We also evaluated the total conversion loss (L total ) of the quasi-optical NbN superconducting HEB mixer using a U-factor technique [6] . This U-factor technique assumes that HEB devices in the superconducting state have a zero IF impedance at zero dc bias. With this assumption, the U factor, defined as a ratio between the IF output powers at its operating point (P 295 ) and zero dc bias (P sc ), is written as
where T 295 and T bath are effective radiation temperatures derived from Callen-Welton formula for the physical temperatures of 295 K and 4.2 K at the measurement frequency, respectively, and T if is the equivalent input noise temperature of the IF chain (assumed to be 7 K here). The total conversion loss is therefore given by Fig. 3b shows the calculated mixer conversion losses (with no corrections) of the quasi-optical NbN superconducting HEB mixer corresponding to different LO pumping levels and dc biases. To understand how good the intrinsic performance of the quasi-optical NbN superconducting HEB mixer is, we calculated or estimated the losses and noise contributions of individual quasi-optical components. The results are summarized in Tab. 1. Clearly the vacuum window has considerable loss and noise contribution.
We indeed found that after correcting the losses and noise contributions of individual components before the quasi-optical NbN superconducting HEB mixer, the lowest receiver noise temperature was only 445 K.
Finally, we studied the stability of IF output power of the quasi-optical NbN superconducting HEB mixer cooled by a 4-K close-cycled refrigerator. We recorded the IF output power when doing the Y-factor measurement. As displayed in Fig. 4 (for 5 minutes) , it is rather stable, giving fluctuation of 1.2% for the 295-K load and 1.4% for the 77-K load.
Summary
We have investigated the performance of a quasi-optical NbN superconducting HEB mixer at 500 GHz, when it is cooled by a 4-K close-cycled refrigerator. This HEB mixer demonstrates a fairly large range of good mixer performance for both LO pumping and dc bias. The lowest receiver noise temperature is about 1200 K with no correction and reduced to 445 K after correcting the losses and noise contributions of individual components before the HEB mixer. Furthermore, this HEB mixer exhibits fairly good stability even working with a close-cycled cryocooler. It will be very beneficial to real applications.
